We are studying a mannose-specific recognition mediating the projection of axons in the synaptic neuropil of the embryonic leech CNS. A functional class of neurons, the sensory afferents, can be distinguished by a mannose-containing epitope that is asparagine-linked to a 130 kDa surface protein and is reactive with the monoclonal antibody Lan3-2. Sensory afferents project as a tightly fasciculated bundle through peripheral nerves but, upon arriving in the CNS, defasciculate into the synaptic neuropil. This defasciculation allows the previously bundled sensory afferents to form an arboriration in the synaptic neuropil. Three lines of experimental evidence indicate that the defasciculation is mediated by the sensory afferent's mannose-containing Lan3-2 epitope. The defasciculation is inhibited (1) by blocking the Lan3-2 epitope with Lan3-2 Fab fragments, Carbohydrate recognition has long been postulated to play a role in the patterning of neuronal networks. There is increasing evidence, mostly from correlative or in vitro experiments, that the interactions between cell surface oligosaccharides and carbohydrate-binding proteins regulate different aspects of neuronal growth (reviewed in Jesse11 et al., 1990) . In non-neuronal systems, a combination of approaches has been used to provide direct evidence that cellular recognition involves the interactions of oligosaccharides with carbohydratebinding proteins (Ofek and Sharon, 1988; Shur, 1989; Yednock and Rosen, 1989) . One experimental approach is to block carbohydrate interactions with antibodies that bind to carbohydrate antigens. Although providing a rapid method for impli-eating cell surface carbohydrates in cell-cell interactions, antibodies may elicit their effects by altering cell surface topology, by cross-linking cells, or by being internalized. Therefore, additional manipulations involving enzymes or soluble inhibitors are commonly used. Similarly, in the leech nervous system, we are using three types of experimental manipulations to obtain direct evidence that oligosaccharides mediate cell-cell recognition. The permeability of the cultured leech embryo to antibodies, glycosidases, and neoglycoproteins makes it possible to investigate directly the role of surface oligosaccharides in normal neuronal pattern formation.
A functional class of leech neurons, the sensory afferents, can be distinguished by their cell surface carbohydrate epitopes (Bajt et al., 1990a) . The monoclonal antibody (mAb) Lan3-2 binds to a mannose-containing epitope located on the sensory afferents' 130 kDa surface protein, the sensory afferent gp 130. Normally, sensory afferent cell bodies in peripheral organs project axons as fasciculated bundles through peripheral nerves into the CNS. Upon entering the CNS, they abruptly defasciculate into the synaptic neuropil, creating a profuse arborization that precedes the stereotypic CNS pattern seen in the adult nsuropil (Fig. 1) . Exposing sensory afferents to nanomolar amounts of Lan3-2 Fab fragments had a striking region-specific effect. While sensory afferents still elongated as fasciculated bundles through peripheral nerves, they failed to defasciculate into the synaptic neuropil. Instead, they continued growing through the CNS as a fasciculated bundle. This highly altered axonal pattern resulting from the Lan3-2 perturbation provided the first direct evidence that a mannose-specific recognition regulates the growing behavior of leech sensory afferents . It is possible, however, that Fab fragments binding to the mannose-containing Lan3-2 epitope could have sterically obstructed other parts of the sensory afferent gpl30 containing the actual domain that mediates axonal defasciculation. Therefore, we used two other experimental approaches to strengthen the evidence that a mannose-specific recognition mediates the defasciculation of sensory afferents. Here, we report that the removal of the mannose-containing chains on asparagine (N)-linked carbohydrate domains with N-glycanase treatment and the blocking of a putative mannose-binding protein with mannose covalently linked to BSA [mannos&BSA; albumin, p-aminophenyl CY-Dmannopyranoside (26 mol monosaccharide/mol albumin)] mimicked the effects obtained with the application of Lan3-2 Fab fragments. Together, the results from these three independent kinds of perturbations make a strong case that the mannose-containing Lan3-2 epitope mediates the defasciculation of sensory afferent axons.
In addition to mediating the defasciculation of sensory afferents, the Lan3-2 epitope also appears to be involved in stabi- 
Materials and Methods
All of the experiments were performed on Hirudo medicinalis embryos. The embryos were harvested from cocoons that were collected from laying chambers kept at 25°C and then grown at 20°C. Only cocoons containing between 15 and 19 embryos at the same state of maturation were used; the occasional runt among these embryos was discarded. Most experiments were performed on embryos in which sensory afferents had innervated the CNS as far posteriorly as midbody ganglia 16-18, as occurs in 10.5-d-old embryos. Other experiments were performed on embryos with sensory afferents innervating only the most anterior midbody ganglia as occurs in 9-d-old embryos. To identify the midbody ganglia, the anteriormost pair of kidneys located between midbody ganglia 1 and 2 is used as a landmark.
Culturing embryos. Each embryo was opened with a dorsal incision in its epithelial envelope to remove the yolk and to expose the germinal plate that is attached to the ventral part of the envelope. The germinal plates of embryos of a given cocoon were divided into different categories, each category containing at least three siblings. To determine the developmental stage of sensory afferent differentiation, germinal plates were fixed at the onset of culturing. The germinal plates to be cultured were washed four times with sterile tissue culture medium by passing them through four wells of a 24-well Falcon plate (Fisher Scientific). They were then stretched out by pinning their epithelial envelope on UV-sterilized Sylgard-coated culture dishes (35 x 10 mm Falcon Petri dishes, Fisher Scientific). The three to five germinal plates belonging to the same category were cultured in the same dish in 1 ml of culture medium for 1.5 d at 20°C. The standard culture medium is a defined medium consisting of Leibovitz-15 whose potassium concentration was adjusted to be 15 mM, supplemented with 1% ITS+@ (Collaborative Research Inc., Bedford, MA), 10 nM CR epidermal growth factor (Collaborative Research Inc.), 100 PM vitamin C, and 0.15% glucose. In antibody perturbation studies, 10 nM Lan3-2 or LazlO-1 Fab fragments were added. mAb Lan3-2 recognizes the sensory afferent gp130 (Zipser and McKay, 1981; Bajt et al., 1990a) , and mAb LazlO-1 recognizes a muscle-specific external protein (Thorey and Zipser, 199 1) . In sugar perturbation studies, the following neoglycoproteins were added: mannose-BSA [26 mol of p-aminophenyl cu-o-mannopyranoside/ mol albumin (Sigma A-4664)], galactose-BSA (26 mol2-amido-2-deoxyd-galactoselmol albumin (Sigma A-5908)], or galactosamine-BSA [ 19 mol p-aminophenyl N-acetyl+D-galactosamide/mol albumin (Sigma A-l 159)]. In enzyme perturbation studies, germinal plates were grown in 0.3 ml of culture medium in Sylgard-coated LabTek chambers (Nunc Inc., Naperville, IL) to which 14 U of N-glycanase (60 U/ml; Genzyme Corp., Boston, MA) were added.
Immunocytochemistry. Germinal plates were washed in 50 mM phosohate-buffered saline (PBS) and fixed for 0.5 hr with 4% oaraformalhehyde in 0.1 M phosphate buffer, pH 7.4. Endogenous peroxidases were destroyed by immersion in methanol for 30 min. Germinal plates were permeabilized with xylene and returned into PBS through sequential washes of 100% methanol, 95% ethanol, and 70% ethanol. The germinal plates were incubated overnight with mAbs, followed by a 2 hr treatment with biotinylated F(ab')* (1: 100; DAK0 Corp., Santa Barbara, CA) and then a 1 hr treatment with avidin-horseradish peroxidase (HRP) (1: 150; Vector Laboratories Inc., Burlingame, CA). Antibodies and avidin-HRP were diluted in PBS containing 3% BSA. All antibody incubation and washing steps were carried out in the presence of 2% Triton X-100.
After the detergent was removed through a rinse with PBS, the germinal plates were reacted with 0.02% 3,3'-diaminobenzidine in 50 & Tris buffer (pH 7.4) containing 0.015% hydrogen peroxide, rinsed with PBS, dehydrated with ethanol, cleared in xylene, and embedded in Permount.
The germinal plates were photographed through a 100 x Zeiss Planapo objective.
Lan3-2 ascites fluid was used at a dilution of 1:4000 to stain the sensory afferents. Sensory afferents proteins partially deglycosylated by N-glycanase were only weakly stained with mAb Lan3-2. To amplify Ian3-2 staining of sensory afferents, the staining procedure was performed twice as follows: germinal plates were incubated with Lan3-2 followed by HRP-conjugated goat anti-mouse IgG (1:50; Cappel, Westchester, NY) and were incubated again with Lan3-2 followed by a second exposure to HRP-conjugated goat anti-mouse IgG. Glial processes were stained with undiluted mAb Laz6-56 hybridoma supematant, which reacts with a 130 kDa glycoprotein on glial processes and produces as similar staining pattern as mAb Laz6-297 (Flaster and Zipser, 1987; Cole et al., 1989) .
Generation ofFabfragments. Fab fragments were prepared from Lan3-2
and Laz lo-1 ascites fluid that had been ammonium sulfate precipitated, digested with mercuripapain (Worthington Biochemical Corp., Freehold, NJ), and subjected to ion exchange chromatography according to Mishell and Shiigi (1980) . The concentration of Fab fragments per fraction was estimated assuming that 1 mg/ml of immunoglobulin has an absorption of 1.4 at 280 nm. The protein concentration was also determined usina a Coomassie blue bindina assav (Bradford. 1976) . As determined on silver-stained SDS-polya&ylamide gels, Lan3-2' and LazlO-I Fab fragments had molecular weights of 55 kDa. The Lan3-2 perturbation effect was elicited with Fab fragments of 0.7 pdrnl corresponding to 10 nM.
Measurements ofsensory aferentprojections by image analysis. Initial measurements of the area of sensory afferent projections were performed on drawings of micrographs ( Fig. 2 ) using Sigma Scan (Imaging Technologies, Inc., Jandel Scientific, Corte Madera, CA). However, the histograms in Figure 6 were prepared by viewing HRP-stained sensory afferents under a Nikon 100 x oil immersion objective at a focal plane where the majority of the sensory afferents in one-half of the neuropil were in focus. Sensory afferents in all embryonic neuropils occupied a common depth of 15 pm. The video image was captured through a DAJE-MT1 series 68 video camera (Michigan City, IN) using Jandel video analysis software, PCVISIONPLUS@ Frame Grabber version (Imaging Technologies, Inc., Jandel Scientific). Sensory afferent projections were measured in an area of the synaptic neuropil into which the sensory afferents had entered from the peripheral nerves. During early development (stage 1 ganglia), sensory afferents enter the CNS from the median nerve; during later development (stage 2 ganglia), sensory afferents enter the CNS and from both the median and the dorsal nerves. The measured area had the following standard dimensions: the mediolateral coordinate of the area was the width of the ipsilateral neuropil; the anterior-posterior coordinate of the area had a length of 35 Nrn (Fig.  2) . Background was measured and subtracted from the image. The remaining stained area was calculated by multiplying the total area of interest by the ratio of gray pixels to total pixels in the area of interest. Only the side of each neuropil with the most extensive sensory afferent growth was measured in both the control and experimental embryos.
Results
We determined the effects of three different experimental reagents-mannose-BSA, N-glycanase, and Lan3-2 Fab fragments-on sensory afferent growth in cultured embryos. Different developmental stages of sensory afferent growth can be monitored in a given embryo due to the anterior to posterior developmental gradient of its 32 segmentally reiterative ganglia (Weisblat et al., 1980; Fernandez and Stent, 1982) . We divided sensory afferent growth into two stages: an early developmental stage when sensory afferents grow into the CNS from only the median nerve (stage 1 ganglia), and a later developmental stage when sensory afferents grow into the CNS from both the median and dorsal nerves (stage 2 ganglia).
Effects of mannose-BSA on the stabilization on sensory afferent arborization "* To strengthen the evidence that the projection of sensory afferents into the synaptic neuropil is regulated by a mannose-specific recognition, the growth of sensory afferents was examined in the presence or absence of 14 PM mannose-BSA ( . Schematic presentation of sensory afferent projections in an adult midbody segment. Sensory afferents ofdifferent sensory modalities (chemo-, mechano-, thermo-, and photodetectors) project axons in common, fasciculated tracts from their peripheral origin into the midbody ganglion. The different sensory modalities stereotypically project into four distinct domains within the synaptic neuropil (Peinado et al., 1987b (Peinado et al., , 1990 ) before running into the interganglionic connective. Sensory afferents express a cell-type-specific 130 kDa surface glycoprotein, the sensory afferent gp 130, which contains a mannose epitope recognized by mAb Ian3-2.
3Al) continued to grow normally in standard culture medium. They defasciculated, projected as single axons into the synaptic area, and generated a profuse arborization (Fig. 3BI ). Because of their extensive overlap, single sensory afferent axons cannot be resolved inside the arborization but only along the edges of the arborization (open arrows). In 55% of 73 ganglia exposed to l-4 PM mannose-BSA, the sensory afferents did not defasciculate but remained tightly fasciculated as they entered the CNS and, after bifurcating into a simple T, elongated as a longitudinal tract in the direction of adjacent segmental ganglia (Fig. 3C1 ). In the remaining 45% of the ganglia exposed to mannose-BSA, sensory afferents formed three fasciculated tracts. None of the sensory afferents underwent their normal defasciculation into the ipsilateral neuropil. The application of mannose-BSA also affected the arborizations of median nerve sensory afferents that had formed prior to the experiment. In 50 ganglia exposed to mannose-BSA, sensory arborizations did not persist. Instead, the arborizations were replaced either by three tracts (Fig. 3C2 , solid arrows; 87% of the time) or by a single longitudinal tract (Fig. 3F , solid arrow; 13% of the time). Typically, in the presence of mannose-BSA, single axons seen in normal or control cultured ganglia (Fig.  3A2, B2 , open arrow) were absent and, instead, short stubby axonal bundles appeared (Fig. 3C2, open arrow) . In contrast, sensory afferent arborizations that were formed prior to culturing (Fig. 3A2) continued to expand normally in standard culture medium (Figs. 3B2 and 30 ) or in the presence of l-4 PM galactose-BSA (Fig. 3E) or galactosamine-BSA.
. illustrates the neuropil area in which sensory afferent projections were measured using Sigma Scan. In A, sensory afferents project into the neuropil via the median nerve (mn), while in B, sensory afferents project into the neuropil via both the median and the dorsal nerves (dn). The median and dorsal nerves are in the PNS, while the synaptic neuropil is in the CNS. The mediolateral coordinate of the measured area is the width of the ipsilateral neuropil; the anterior-posterior coordinate of the area had a length of 35 pm. In A2, experimentally perturbed sensory afferents occupy 32% of the area occupied by the control cultured embryos in Al. in B2, experimentally perturbed sensory afferents occupy 52% of the area occupied by the control cultured embryos in Bl. The same area of interest defined in this figure was measured directly from embryonic ganglia through a 100 x Nikon objective using Jandel video analysis software (see Fig. 6 ).
Eflects of N-glycanase on the stabilization of sensory aferent arborization To test independently whether a carbohydrate domain regulates the projections of sensory afferents in the synaptic neuropil, embryos were cultured in the presence or absence of 4 U of N-glycanase (Fig. 4) . N-glycanase perturbations were examined in early developmental stage 1 ganglia. Previously, it had been demonstrated that N-glycanase cleaves the N-linked carbohydrate domain containing the Lan3-2 epitope from the sensory afferent gp130 (Bajt et al., 1990a) . The sensory afferent arborization formed prior to culturing by median nerve afferents (Fig. 4Al) continued to expand in standard culture medium (data not shown). In contrast, sensory afferents in 32 ganglia exposed to N-glycanase formed a single anterior-posterior tract ( Fig. 4A2 ; 62% of the time) or three tracts (38% of the time).
Pre con man
G18
Al Bl A2 a
GIO
The Journal of Neuroscience, November 1991, ff(11) 3475
Figure 4. N-glycanase inhibits the defasciculation of sensory afferents in the CNS. Ganglia 10 were compared in four embryos from the same cocoon that were either fixed prior to culturing or cultured for 1.5 d in N-glycanase (4 U/300 111) as described in Figure 3 . Because sensory afferents exposed to N-glycanase were only weakly stained using the normal procedure for visualizing the Lan3-2 epitope, a procedure to amplify the Ian3-2 antibody staining was used (see Materials and Methods). Prior to culturing, sensory afferents had defasciculated into a profuse arborization (AI). In a sibling embryo exposed to N-glycanase, sensory afferent axons grew as a single tract (AZ, arrow). Prior to culturing, glial processes visualized by staining with mAb Laz6-56 had formed the normal four commissures (numbered I-4) that cross the synaptic neuropil (BI). In a sibling embryo exposed to N-glycanase, the glial commissures also developed normally and increased in the density of glial processes (B2). Glial processes were stained with mAb Laz6-56, which reacts with a 130 kDa glycoprotein on glial processes and produces a similar staining pattern as mAb Iaz6-297 (Plaster and Zipser, 1987; Cole et al., 1989) . Scale bars: AI and A2, 10 pm; 31 and B2, 30 pm.
The treatment with N-glycanase appeared to specifically perturb the projections of sensory afferent since the projections of glial processes in the CNS were not affected. Normally, glial processes form four major commissures that connect the right and the left neuropils (Femandez, 1978; Cole et al., 1989) . In the presence of N-glycanase, these glial commissures persisted and continued to proliferate (Fig. 4B) . Thus, the disappearance of sensory afferent arborization was not due to a general destruction of the synaptic neuropil by IV-glycanase.
Efects of mAb Lan3-2 on the stabilization of sensory afferent arborization Previously, we reported that the application of Lan3-2 Fab fragments inhibited the defasciculation of sensory afferents . Here, we illustrate that the application of Lan3-2
Fab fragments also leads to the replacement of sensory afferent arborizations with fasciculated tracts (Fig. 5) . Embryos from the same cocoon were either exposed to Lan3-2 Fab fragments or cultured under two types of control conditions. One control consisted of growing sensory afferents in standard culture medium. The other control consisted of growing sensory afferents in the presence of Laz lo-1 Fab fragments. mAb Laz lo-1 binds to a muscle-specific external protein (Thorey and Zipser, 1990) . In the developmentally less mature ganglion 16 (stage 1 ganglion), sensory afferents have entered the CNS through the median nerve and formed an arborization prior to culturing (Fig.   5AI ). The sensory afferent arborizations continued to proliferate in embryos cultured in standard medium (Fig. 5BI ) or in the presence of 10 nM Laz lo-1 Fab fragments (Fig. XI) . In contrast, in the presence of 10 nM Lan3-2 Fab fragments, the sensory t Figure 3 . Mannose-BSA inhibits the defasciculation of sensory afferent axons in the CNS. The siblings of a leech cocoon were divided into three categories. The preculture group (pre) was fixed prior to culturing to determine the anterior-posterior developmental gradient of sensory afferent differentiation in the 32 reiterative ganglia of the leech CNS. The control culture group (con) was cultured in standard culture medium with (4 m) or without the neoglycoprotein galactose-BSA. The mannose-cultured group (man) was grown in the presence of l-4 PM mannos*BSA. Sensory afferent growth, visualized by the Lan3-2 epitope, was measured in ganglia that were innervated during culturing or in ganglia that Were innervated 0.5 d prior to culturing. Sensory afferent growth is illustrated in the left half of the ganglia. Each row compares homologous ganglia Tom three embryos of the same cocoon. Cocoon 1: Al, BI, and Cl compare ganglia 18, whereas A2, B2, and C2 compare the developmentally more mature ganglia 15. Ganglia 18 and 15 in each column belong to the same embryo. Prior to culturing, sensory afferent axons had not yet grown into the CNS (Al). After culturing for 1.5 d in standard culture medium, sensory afferent axons grew into the CNS and defasciculated into an arborization (BI). In 1 PM mannose-BSA, the sensory afferent axons, instead of defasciculating, elongated as a single anterior-posteriorly directed tract (Cl, arrow). In the developmentally more mature ganglion 15, sensory afferent axons had already formed an arborization prior to culturing (A2), and after 1.5 d in control culture medium, the arborization widened (B2). In contrast, in 1 PM mannose-BSA, the arborization collapsed into three tracts (CZ). Cocoon 2: D-F compare ganglia 10 of three embryos, which are of the same developmental age as ganglion 15 from the embryos in cocoon 1. Sensory afferent axons, defasciculated prior to culturing (D), continued to expand their arborization in 4 PM galactossBSA (E) or elongated in a single anteriorly directed tract in 4 PM mannose-BSA Q. Solid arrows, major fasciculated tracts. Open arrows, single neurites or short neuritic bundles. Scale bar, 10 pm. Lan3-2 Figure 5 . Lan3-2 Fab fragments inhibit the defasciculation of sensory afferent axons in the CNS. Embryos of a leech cocoon were divided into four categories. The preculture group (pre) was fixed prior to culturing; the control culture group (con) was cultured in standard culture medium;
and the Laz lo-1 and the Lan3-2 groups were cultured in the presence of the 10 nM L.az lo-1 or Lan3-2 Fab fragments for 1.5 d. Each row compares homologous ganglia: AI, BI, Cl, and DI compare ganglia 16, whereas A2, B2, C2, and 02 compare the developmentally more mature ganglia 8. Each column shows ganglia from the same embryo. Sensory afferents were visualized by immunocytochemically staining their Lan3-2 epitope. Prior to culturing, sensory afferent axons had entered the CNS through the median nerve and formed an arborization (AI, arrow). In the standard culture medium (BI) or in the presence of LazlO-1 (Cl), the arborization had expanded, whereas in the presence of Lan3-2 Fab fragments, the arborization was replaced with a fasciculated tract (DI, arrow). In the developmentally more mature ganglia 8 (A2), sensory afferents entering the ganglion through the dorsal nerve contributed to the arborization (solid arrow). Two tracts were present, projecting from the arborization into the interganglion connective (open arrow). The sensory afferent arborization continued to expand in standard culture medium (B2) and in the presence of LazlO-1 Fab fragments (C2). In the presence of I.an3-2 Fab fragments, the arborization was replaced by two fasciculated tracts (02, arrow). Scale bar, 10 pm. afferent arborizations were replaced by a fasciculated tract (Fig.  5DI) . As a result, sensory afferents entering the CNS bifurcated and grew as a single anterior-posteriorly directed tract into the connective, the central axon tract linking the segmental ganglia. Thus, in Lan3-2-manipulated ganglia, there was a striking lack of arborization suggesting that the mannose-containing Lan3-2 epitope mediates the stabilization of the defasciculated sensory afferent projections in the synaptic neuropil. The replacement of arborizations with fasciculated tracts also occurs in the developmentally older ganglion 8 (stage 2 ganglion) of the same embryos (Fig. 5) . Prior to culturing, sensory afferents entering the ganglion through the median and dorsal nerves had elaborated into a profuse arborization in the neuropil (Fig. 542) . Two fasciculated tracts extended into the connectives from the arborization in the neuropil. The arborization continued to proliferate in the sibling embryos grown in standard culture medium (Fig. 5B2 ) or in the presence of Lax lo-1 Fab fragments (Fig. 5C2) . The superposition of the profusely three-dimensionally projecting neurites does not allow individual neurites to be resolved in these whole-mounted ganglia. In contrast, in the presence of Lan3-2 Fab fragments, the profuse arborization in the neuropil was replaced by a pair of thick axon tracts projecting into the connectives (Fig. 502) .
Perturbation reagents reduce the area of sensory afferent projection
We measured the effect of Lan3-2 Fab fragments and mannose-BSA at two developmental stages, in stage 1 and the older stage 2 ganglia. During stage 1, the application of mannose-BSA led to a pronounced refasciculation of sensory afferents (Fig. 64 . In control cultured ganglia, sensory afferents occupy an average of 310 pm*. In contrast, in mannoseBSA treated ganglia, the refasciculated sensory afferents only occupied an average of 120 pm2. Thus, the mannose-BSA treatment led to a 6 1% reduction . Effect of mannose-BSA and Lan3-2 Fab fragments on the defasciculation of sensory afferents within the synaptic neuropil. A, Embryos from the same cocoon were incubated in the absence or the presence of 1 PM mannose-BSA. Embryos were then fixed and stained with mAb Lan3-2. The average area occupied by sensory afferents was measured in the last three ganglia innervated by the sensory afferents (stage 1 ganglia) in four control cultured embryos (ranging from ganglion 15 to 18) and six mannose-BSA treated embryos (ranging from ganglion 15 to 20) using Jandel video analysis software. B, Embryos from the same cocoon were incubated in the absence or the presence of 10 nM Lan3-2 or 10 nM Laz lo-1 Fab fragments. Embryos were then fixed and stained with mAb Lan3-2. Ganglia 16 represent stage 1 ganglia, whereas ganglia 8 represent the developmentally older stage 2 ganglia. The average area occupied by sensory afferents was measured in ganglia 8 and 16 of control (n = 3), Lax lo-1 (n = 3), and Lan3-2 (n = 4) embryos using Jandel video analysis software. Error bars represent SD.
in area. Sensory afferents exposed to Lan3-2 Fab fragments in stage 1 ganglia also demonstrated refasciculation (Fig. 6B) . Control cultured sensory afferents grown either in standard culture medium or in the presence of the muscle-specific LazlO-1 Fab fragments occupied an average of 350 or 380 Fm2, respectively. In contrast, sensory afferents grown in the presence of Lan3-2 Fab fragments only occupied 200 Mm*. Thus, the refasciculation of sensory afferents led to a 43% reduction in neuropil area occupied by the sensory afferents. In the developmentally older stage 2 ganglia, the image analysis used here no longer detected a statistically significant effect (Fig. 6B) . The amount of area occupied by sensory afferents in control ganglia was the same as seen in stage 1 ganglia because the sensory afferents project over a diameter of 15 pm in the ipsilateral neuropil. There was, however, no longer a measurably significant reduction in sensory afferent area when stage 2 ganglia were treated with Lan3-2 Fab fragments, yet all visually inspected ganglia had a clearly enhanced refasciculation. Instead of the profuse arborization, thicker tracts were commonly seen (Fig. 502) . The method we used apparently was not sensitive enough to measure the visually observed refasciculation in terms of reduction in area occupied by sensory afferents in stage 2 ganglia.
Discussion
Indirect evidence for carbohydrate interactions during neuronal pattern formation has come from studying the spatiotemporal expression of cell surface carbohydrates and carbohydrate-binding proteins using antibodies or lectins. Carbohydrates and carbohydrate-binding proteins were found to label functional classes of neurons (Bajt et al., 1990a; Hynes et al., 1990; S. A. Scott et al., 1990; and as reviewed in Jesse11 et al., 1990) , growth cones (Pfenninger et al., 1984) and synaptic sites (Dontenwill et al., 1985; Scott et al., 1988) and to distinguish between neural and non-neural cells (Snow et al., 1987) . The expression and distribution of oligosaccharides has been shown to change when synaptic transmission is blocked or when neurons and muscles are denervated (Dontenwill et al., 1985; Naegele and Katz, 1990 ; L. J. C. . Direct evidence for oligosaccharides mediating neuronal migration and axonal growth has been obtained by experimentally manipulating the interactions between carbohydrates and their carbohydrate-binding proteins in dissociated cells (Runyan et al., 1988) or in brain explants (Antonicek et al., 1987) . We are directly investigating the biological role of carbohydrate recognition in the leech embryonic nervous system by experimentally manipulating neurons in their normal cellular and molecular environment.
Defasciculation versus fasciculation
Since sensory afferents are uniquely labeled with a Lan3-2 reactive 130 kDa surface protein, it seemed plausible that some aspect of sensory afferent growth is mediated by this surface protein. Initially, the fasciculated projections of the sensory afferents were studied in peripheral and central nerves @laster et al., 1983; McKay et al., 1983; Peinado et al., 1987b) . A subsequent study demonstrated that following a nerve lesion, regenerating sensory afferents realigned with previously formed fascicles of sensory afferents (Peinado et al., 1987a) . The idea then arose that the fasciculated growth of sensory afferents might be mediated by the sensory afferent gp 130. Other surface molecules such as N-CAM and Ll that are expressed by many functional classes of neurons have been demonstrated, using antibody perturbations, to mediate axonal fasciculation (reviewed in Rutishauser and Jessell, 1988) yet, as discussed below, we have shown that the Lan3-2 epitope of sensory afferent gp 130 mediates the defasciculation of sensory afferent axons.
Three lines of evidence for mannose-specific recognition in the synaptic neuropil
We have presented three lines of direct experimental evidence indicating that a mannose-specific recognition mediates neuronal pattern formation in the leech CNS. During leech neuronal 3478 Zipser and Col e l Mannose Recognition Mediates Leech Axon Defasciculation development, the defasciculation in the CNS of bundled sensory afferent axons is a necessary step in the formation of the adult CNS pattern. Using antibody perturbation, we obtained our first line of evidence that this defasciculation is mediated by a mannose-specific recognition involving the Lan3-2 epitope of sensory afferents. The binding of Lan3-2 Fab fragments to a mannose-containing epitope located on the sensory afferent gp 130 inhibited the defasciculation of sensory afferents . This Lan3-2 antibody perturbation effect, however, does not necessarily involve the mannose-containing epitope since the binding of Lan3-2 Fab fragments to its epitope may have sterically obstructed adjacent functional domains. Therefore, as a second line of experimental evidence, the involvement of N-linked carbohydrate domains in axonal defasciculation, was demonstrated by treating the cultured embryos with N-glycanase. Previously, using N-glycanase it was shown that the mannosecontaining Lan3-2 epitope is located on an N-linked carbohydrate domain (Bajt et al., 1990a) . Cleaving N-linked carbohydrate domains also prevented the defasciculation of sensory afferents. Sensory afferents may be only partially deglycosylated because it was possible to observe the sensory afferents treated with N-glycanase by using a procedure to amplify the standard Lan3-2 antibody staining method. This suggests that the normal defasciculations and arborizations of the sensory afferents require a critical level of the Lan3-2 epitope. Alternatively, all of the sensory afferents may have been denuded of the Lan3-2 epitope at the membrane surface. Because antibody staining was carried out in the presence of detergent, perhaps the sensory afferents still could be visualized due to the presence of internal Lan3-2 epitopes.
The removal of N-linked glycans by N-glycanase may have made the protein cores of glycoproteins on glial and nerve cells more susceptible to proteolytic action, thereby altering sensory afferent development. The normal appearance of glial processes in ganglia treated with N-glycanase, however, suggests that the replacement of sensory afferent arborization with fasciculated tracts was not due to a nonspecific proteolytic destruction of the neuropil organization.
The third line of experimental evidence for a mannose-specific recognition was obtained by exposing growing sensory afferents to mannose-BSA. Previously, it had been demonstrated that the Lan3-2 epitope contains mannose by blocking the binding of mAb Lan3-2 to its epitope with 100-500 mM cu-methylmannoside (McKay et al., 1983; Bajt et al., 1990a) . Because sensory afferent growth was not perturbed by up to 50 mM monosaccharide Lu-methyl-mannoside (B. Zipser and R. N. Cole, unpublished observations), we instead used mannose-BSA as multivalent soluble inhibitor. The application of micromolar concentrations of mannose-BSA mimicked the effects obtained by exposing sensory afferents to Lan3-2 Fab fragments or N-glycanase. Presumably, the mannose-BSA competed with the mannose-containing Lan3-2 epitope for a putative mannose-binding protein.
These experiments predict the presence of a mannose-binding protein in the synaptic neuropil. The neuropil is occupied by processes of ganglionic cells such as the bipolar cells (Stewart et al., 1987) and glial cells (Cole et al., 1989) before the appearance of sensory afferents. The putative mannose-binding protein could be made by glial processes in the synaptic neuropil or, alternatively, by neurons that are postsynaptic to the sensory afferents. Sensory afferents are within easy reach of their postsynaptic neurons once they have arrived in the CNS. The ipsilateral neuropil has a mediolateral dimension of about 15 Mm, which is matched by the approximately 15-pm-long excursions made of sensory afferents. Thus, the initially small size of the neuropil and the natural propensity of the sensory afferent axons for short independent excursions obviates the need for additional pathfinding clues to lead sensory afferents to their postsynaptic partners.
The possibility must be considered that each type of perturbation experiment inhibits the defasciculation of sensory afferents by interfering with a separate molecular mechanism. The results from each perturbation experiment, however, indicate that the molecular mechanisms of sensory afferent defasciculation at least are related. The N-glycanase perturbation, cleaving N-linked carbohydrate domains potentially on the surface of all cells, implicates a carbohydrate interaction in the defasciculation. The mannose-BSA perturbation, blocking mannose recognition/adhesion events, focuses on a specific carbohydrate interaction, mannose, mediating the defasciculation. The Lan3-2 perturbation implicates the mannose-containing carbohydrate domain of the sensory afferent glycoprotein in mediating the defasciculation. Together, these three independent experimental perturbations and the characteristics of the Lan3-2 epitope provide strong evidence that the defasciculation is mediated by the Lan3-2 epitope (Fig. 7) .
Stabilization of sensory aferent arborization as mediated by a mannose-specijk recognition As sensory afferents differentiate, they grow into the CNS as a fasciculated tract. Upon entering the CNS, the sensory afferents defasciculate and form an arborization in the synaptic neuropil. With ongoing development, new sensory afferents grow into the CNS and contribute to the arborization. Not only the initial defasciculation of sensory afferents but also their continuing arborization in the neuropil appear to be dependent on the mannose-specific recognition. When the interactions of the Lan3-2 epitope are manipulated, sensory afferent arborizations are replaced by fasciculated tracts. This occurs in synaptic neuropils that are solely innervated by sensory afferents via the median nerve. Presumably, the defasciculated sensory afferents are retracted from their various neuropil locations and reassembled into the fasciculated tracts. The inhibition of defasciculation causes a 43-6 1% reduction in neuropil area that is occupied by sensory afferents. The defasciculation is inhibited to a variable degree in developmentally older ganglia in which sensory afferents from both the median and dorsal nerves contribute to the neuropil arborization. The variation in inhibition of defasciculation in these developmentally older ganglia correlates with a change in surface proteins that express the Lan3-2 epitope. Early differentiating sensory afferent glycoproteins express the mannose-containing Lan3-2 epitope only on sensory afferent gp 130, while later in development and in adulthood, the Lan3-2 epitope is also expressed on sensory afferents gp103 and gp95 (McGlade-McCulloh et al., 1990) . The sensory afferent gp130 behaves as a peripheral membrane protein, while the sensory afferents gp 103 and gp95 behave as integral membrane proteins (Bajt et al., 1990a) . Displaying the Lan3-2 epitope on peripheral membrane proteins may allow a sensory afferent the flexibility to extend easily and to retract its axon while it is searching for its postsynaptic targets. The appearance of the Lan3-2 epitope on integral membrane proteins later during sensory afferent differentiation may contribute to stabilizing sensory afferent nerve terminals, thereby reducing the degree to which sensory afferents refasciculate. It is possible that sensory afferent stabilization . Hypothesis of carbohydrate recognition mediating the defasciculation of sensorv afferents into the svnaptic neuropil.-A, During development, sensory afferent axons grow as a fasciculated bundle through a peripheral nerve (Plvs) into a central ganglion (CNS), where they defasciculate, projecting as single axons through the synaptic neuropil. Even though the mannose-containing La&-2 epitope is evenly distributed on the sensory afferent surface, the defasciculation event is restricted to the synaptic neuropil. Our experimental evidence is consistent with a mannose-binding protein (Man-BP) being present in the synaptic neuropil. Recognition/adhesion between the Lan3-2 epitope of sensory afferents and the Man-BP in the synaptic neuropil results in the region-specific defasciculation.
Perturbations of this mannose-specific recognition inhibit the defasciculation, and, instead, sensory afferents continue to grow through the CNS as a bifurcated fasciculated tract, appearing as a T. B, The normal recognition between the LanS-2 epitope and the Man-BP is inhibited in the presence of (1) Lan3-2 Fab fragments; (2) N-glycanase, a glycosidase; and (3) mannose-BSA (m&z-B&t). a neoalvcowotein. The Lan3-2 Fub'fragments b&d to and mask the mannose-containing Lan3-2 epitope, N-glycanase cleaves N-linked carbohydrate domains removing the Lan3-2 epitope, and man-B&l competes with the Lan3-2 epitope for the mannosebinding protein.
PNS CNS normal 1) Lan3-2 FabI perturbations 2) N-Glycanase 2 results from cytoskeletal proteins in sensory afferent nerve terminals being linked to the Lan3-2 epitope on sensory afferents via gp95 and gplO3, which are bound to an external mannosebinding protein.
Axonal fasciculation in peripheral and central axon tracts
Sensory afferents grow as fasciculated tracts through peripheral and central nerves. The molecular mechanisms that lead to sensory afferent fasciculation are not known. We have presented evidence that the mannose-containing Lan3-2 epitope of the sensory afferent gp130 is not involved in fasciculation.
However, this does not rule out that other domains of the sensory afferent gp 130, for example the protein core, may mediate fasciculation.
Alternatively, the fasciculation could be mediated by three other carbohydrate epitopes expressed by subsets of sensory afferents or by an unrelated surface protein, such as the HNK-1 epitope (Bajt et al., 1990a,b) .
